The importance of dimensional analysis and dimensional homogeneity in bibliometric studies is always overlooked. In this paper, we look at this issue systematically and show that most ]. An empirical example is used to illustrate the concepts.
Introduction
Evaluative and descriptive bibliometrics provide a quantitative focus on citations and/or publications (Andersen 2016) . At the simplest level of aggregation, we study the performance of an individual scholar. At this micro-level, a controversial usage of indicators is to perform ranking and hard impact assessment to inform critical decisions about funding, promotion and tenure and the allocation of billions of dollars of research funding (Perry & Reny 2016) .
There is therefore a pressing need that indices (e.g., the h-index) go beyond heuristic rules of thumb and instead are founded on axiomatic principles. Five natural properties are considered and Perry & Reny (2016) propose a unique new index, the Euclidean index iE, the Euclidean length of an individual's citation list. In this paper we shall show that following these five rules is not sufficient for robustness. There is a need to introduce one more requirement, that of dimensional homogeneity or consistency. We show that iE is not dimensionally commensurable with other citation indices like the impact i, or the h-index or many of its variants.
Dimensional homogeneity
Dimensional homogeneity is a well known principle in theoretical physics and engineering Extending this idea to bibliometrics, the basic dimensional unit in bibliometrics is the minimum unit of publication, namely the paper, say [P] . This has the same role as [M] , [L] and [T] in physics. Leydesdorff (2009) and Bollen et al. (2009) have identified size and impact as the main categories in which the majority of bibliometric indicators can be arranged into (Andersen 2016) . Size is measured as the number of papers P (a numerical quantity) and its corresponding dimensional unit, in this case [P] . Impact is derived from the impact of all the P papers in the portfolio. Thus if the k-th paper has ck citations, this means that this paper has been cited by ck papers. This is also the impact ik of the k-th paper.
Here, ck or ik is the numerical quantity and the fundamental unit is again [P] . The total citations C = Σ ck then has the units [P 2 ] since the individual impact of each paper is summed over the total number of papers in the portfolio. The specific impact i = C/P of the portfolio also has the units [P].
The best-known bibliometric indicator beyond the count of papers P, the impact i or the total citation count C is the h-index (Hirsch 2005) . A scholar's h-index is the number, h, of his/her papers that each have at least h citations. Fortuitously, this definition makes the hindex commensurable with P and i; i.e. h has the same dimensions as number of papers and the impact of the papers. Most of the variants of the h-index, such as the g-index (Egghe 2006a,b) have the same dimension and can be directly compared to each other. If indeed they had different dimensions, they are incommensurable and cannot be directly compared. In this paper we shall show that the newly proposed Euclidean index iE has a different dimension and so is not an alternative to nor can be compared to any of the other h-type indices.
The three-dimensional nature of a citation distribution
Leydesdorff (2009) into (Andersen 2016) . Prathap (2011a,b) , proposed that comparative evaluation needs at least three dimensions: quantity/size, quality/excellence and consistency/balance or evenness. The quality-quantity-consistency parameter space leads to the evolution of second order indicators for any portfolio of papers (Prathap 2014a,b) .
For any portfolio of publications, the total number of papers or articles, P, and the total number of citations, C, are often taken as indicators or proxy measures for the size of output of a group and the impact of its published research respectively (Katz 2005) . The total impact, C, is size-dependent, and a specific impact, i, defined as C/P is size-independent.
The journal impact factor was defined in such a manner as a size-independent indicator to select journals for inclusion in the Science Citation Index. It was not originally intended to be a direct measure or proxy of quality (Pendlebury and Adams 2012) , but since then has been accepted as a proxy or indirect measure of the quality or scholarly influence of a journal in a size-independent manner. In the same way, the scientific output of an individual or an entity can be measured using the following three-dimensional parameter space:
Quantity: No of papers/articles P published during a prescribed publication window. This is a size-dependent proxy.
Quality: The impact i computed as C/P where C is the number of citations during a prescribed citation window of all the articles P. Note that the definition of i needs two distinct windows to be identified, the publication window and the citations window. The famous JIF is based on the use of a publication window of two years immediately preceding a single year citation window (Garfield 1955 (Garfield , 1999 (Garfield , 2005 Pendlebury and Adams 2012) . This is a size-independent proxy.
Once the quantity P and quality i parameters are defined, it is possible to postulate the following sequence of indicators of performance (Prathap 2011b ):
Zeroth order indicator: P = i 0 P First order indicator:
Thus both P and C serve as indicators of performance in their respective ways. Following Leydesdorff & Bornmann (2011) , one can think of C = iP as the first order integrated indicator for performance. Prathap (2011a,b) showed that the indicator X = i 2 P can be thought of as a second order integrated indicator of performance. Since X gives greater emphasis to quality than C does, it is expected to be a better indicator or proxy of performance. Given the citation sequence ck of a portfolio of P papers, this paradigm then leads to a trinity of second order terms (Prathap 2011a,b) :
In the foregoing, X is exergy, E is energy and S is entropy. It is easy to see that X, E and S have the units [P 3 ].
Hirsch (2005) requires citation sequences to be re-arranged in a monotonically decreasing order. Highly cited articles are usually found in a small core, implying a possible huge variation in the quality of each paper in the publication set. Two different portfolios can have the same C, and one could have achieved this with far fewer papers, with a higher quality of overall performance, or with the same number of papers (i.e., same quality) but a higher degree of consistency. Thus, C by itself, which is a first-order indicator may not be the last word on the measurement of performance. The product X = iC = i 2 P is a robust secondorder performance indicator, and is arguably a better proxy for performance (Prathap 2011a,b) . Apart from X, an additional indicator E also appears as a second-order indicator as above. The coexistence of X (exergy) and E (energy) allows us to introduce a third attribute that is neither quantity nor quality. In a bibliometric context, the appellation "consistency" may be more meaningful. The simple ratio of X to E can be viewed as the third component of performance, namely, the consistency term η =X/E = (C²/P)/Σck². Perfect consistency (η =1, i.e., when X=E) is a case of absolutely uniform performance (i.e. entropy S is zero); that is, all papers in the set have the same number of citations, ck =c. The greater the skew, the larger is the concentration of the best work in a very few papers of extraordinary impact. The inverse of consistency thus becomes a measure of concentration. X by itself is a proxy of performance that ignores the actual distribution of the citations over the publication set. The ratio X/E, denoted as η, which is now dimensionless, takes into account the variability in the citation distribution of a portfolio of papers. It is important to emphasize again that this ratio is identical to evenness or balance in ecology, and also serves as an inverse measure of concentration, a term used by economists (Zhang et al. 2016 ).
The Euclidean index
Perry & Reny (2016) used five axioms or "basic properties", which they considered crucial for an indicator of an individual's citation impact. These are monotonicity, independence, depth relevance, scale invariance and directional consistency. They proposed a unique new index, the Euclidean index iE, the Euclidean length of an individual's citation list. In terms of the foregoing nomenclature, it is given simply by iE = √E. Immediately we see that the units for the Euclidean length is [P 3/2 ]. It is therefore not commensurable with i or h or any of the h-variants all of which have the units of [P] . We also notice that iE cannot capture the large skew in any citation distribution (that is the third dimension of consistency or evenness).
An empirical test for dimensionality -leading authors in polymer solar cells research Prathap (2014c) gives typical citation indices for leading authors in an emerging area of research, namely polymer solar cells from the three-dimensional point of view. In Table 1, we re-interpret the original To visualize the exponential relationships between these indices the results from Table 1 are plotted on logarithmic scales in Figure 1 . We see very clearly that while the z-index and hindex scale identically as [P] , the Euclidean index scales as [P 3/2 ] and C scales as [P 2 ].
Concluding remarks
We show the importance of dimensional analysis and dimensional homogeneity in bibliometric analysis. 
